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The ellipsomcter (1) and 
method involve directing polar- 
ized light for interaction with 
an optical system (2) under 
study at different angles of inci- 
dence from a single beam of 
tight and detecting the light in- 
teracted with the optical system 
by reflection and/or trans- 
mission for each of a plurality 
of different angles of incidence. 
The simultaneous illumination 
of the optical system under 
study at a whole range of 
angles of incidence a from a 
single beam of light and the 
collection a large multiplicity of 
data from the different angles 
detected can be accomplished 
rapidly and easily and with ac- 
curacy without scanning and with only one eUipsoroeter. A lens (7) is used to focus the incoming light to provide the range of dif- 
ferent angles of incidence a. The range of angles is at least one or two degrees and preferably thirty degrees or more. A second 
lens (8) refocuses the interacted light to a linear, multi-element detector array (6) which extends in the plane of the incidence. 
Each of the detector elements (9) detects a narrow range of angles of incidence within the relatively wider range of angles of inci- 
dence of the illuminating beam. If the incident Ul mnjnatingjaYS are polychromatic and a wavelength dispersing element (10) acts 
on the reflected rays each detector element of a square array (1 1) detects a narrow range of wavelengths and angles of incidence. 
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SITOTANEOO? MULTIPLE MgLE/HUlTIPLF 

WAVELENGTH ELLIPSOMETER AND METHOD 



Technical Field 

The present invention relates to an 
ellipsometer and an ellipsometry method for 
5 measuring the change in polarization state of light 
upon interaction with a sample for determining 

c haracteristi c s o f the sample, 

Background Art 

Ellipsometry, as defined by R.A. Azzam and N.M. 

10 Bashara in ElUpggffigtry &nd Polarized Llahfc , 

published by North-Holland Physics Publishing, 1987 
edition, is an optical technique for the 
characterization and observation of events at an 
interface or film between two media and is based on 

15 exploiting the polarization transformation that 
occurs as a beam of polarized light is reflected 
from or transmitted through the interface or film. 
Two factors make ellipsometry particularly 
attractive: (l) its essential non-perturbing 

20 character (when the wavelength and intensity of the 
light beam are properly chosen) hence its 
suitability for in-situ measurements, and (2) its 
remarkable sensitivity to minute interfacial 
effects, such as the formation of a sparsely 

25 distributed sub-mono layer of atoms or molecules. 

The great diversity of situations in nature and man- 
made systems where interfaces and films play an 
important role has lead to the application of 
ellipsometry in a wide spectrum of fields such as 

30 physics, chemistry, materials and photographic 
science, biology, as well as optical, electronic, 
mechanical, metallurgical and biomedical 
engineering. 
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Ellipsometry is sometimes referred to as 
polarimetry, generalized polarimetry, or complete 
polarimetry. The latter names are more common 
especially when interaction with the sample 
3 inv o lv es 
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transmission of light through the bulk of the sample 
and the polarization transformation depends on bulk 
sample properties as well as surface properties and 
films. 

5 Azzam and Bashara further state in their 

aforementioned book that ellipsometry can be generally 

d e fin e d a s the m eas ur eme nt of th e s tat e of polarization 

of a polarized vector wave. Ellipsometry is generally 
conducted in order to obtain "information" about an 

10 M optical system 11 that modifies the state of 

polarization. In a general scheme of ellipsometry, a 
polarized light-wave is allowed to interact with an 
optical system under investigation. The interaction 
changes the state of polarization of the wave. 

15 Measurement of the initial and final states of 

polarization, repeated for an adequate number of 
different initial states, leads to the determination of 
the law of transformation of polarization by the system 
as described, for example, by its Jones or Mueller 

20 matrix. To extract more fundamental information about 
the optical system than is conveyed by its Jones or 
Mueller matrix, it is necessary to examine light-matter 
interaction within the system by the electromagnetic 
theory of light. In other words, it is necessary to 

25 study the details of the internal 

polarization-modifying processes that are responsible 
for the external behavior as described by the measured 
Jones or Mueller matrix of the system. 

An operational diagram of a general ellipsometer 

30 arrangement as shown in Ellipsometry and Polarized 
Light is shown in Figure 1 of the drawings. A beam 
from a suitable light source (L) is passed through a 
variable polarizer (P) to produce light of known 
polarization. This light interacts with the optical 

35 system (S) under study and its polarization is 
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modified. The modified state of polarization at the 
output of the system is measured (analyzed) by a 
polarization analyzer (A) followed by a 
photodetector (D) , If the light interaction with t he 
5 sample under study varies with wavelength, a 

monochromatic light sourc e must be used or a means of 

isol ating quasimonochro matlc portions (with Jcnown ~ 

wavelengths) of the light must~be" provided. 

One way in which the light wave can interact with 

10 the optical system is by being reflected from a surface 
of the optical system (S) . This reflection causes the 
state of polarization to be changed abruptly. Such a 
change can be explained using the Fresnel reflection 
coefficients for the two linear polarizations 

15 parallel (p) and perpendicular (s) to the plane of 
incidence. Another way the light wave can interact 
with the optical system is transmission through the 
material of the optical system. When the polarization 
state change depends on the angle of interaction of the 

20 light beam and the sample under study, as for example 
with reflection from (or oblique transmission through) 
a sample, the incident light should be as collimated as 
possible so only a single angle of incidence is 
measured at one time. 

25 Azzam and Bashara explain that, since the time of 

Drude, reflection ellipsometry has been recognized as - 
an important tool for the study of surfaces and thin 
films. Among the many useful applications of 
ellipsometry are: (1) measurement of the optical 

30 properties of materials and their frequency dependence 
(wavelength dispersion) , the materials may be in the 
liquid or solid phase, may be optically isotropic or 
anisotropic, and can be either in bulk or thin-film 
form; (2) monitoring of phenomena on surfaces that 

35 involve either the growth of thin films starting from a 
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submonolayer (e.g., by xidation, deposition, 
adsorption or diffusion of impurities) , or the removal 
of such films (e.g., by desorption, sputtering or 
diffusion); and (3) measurement of physical factors 
5 that affect the optical properties such as electric and 
magnetic fields, stress or temperature. 

A desc r i p ti o n of th e pr inci p les o f elli p s o metry, 

and a discussion of the reflection process, the 
measurement process, and data reduction can be found in 

10 "Ellipsometry A Century Old New Technique" by Dr. 

Richard F. spanier, industrial Research. September 
1975, which article is incorporated herein by 
reference. A diagram of a conventional ellipsometer 
from Dr. Spanier' s article is shown in Figure 2B. Many 

15 additional types of automated and manually operated 

ellipsometers are known in the art. Dr. spanier states 
in the article that ellipsometry involves the 
measurement of tan the change in the amplitude ratio 
upon reflection, and A, the change in the phase 

20 difference upon reflection. The quantities A and ^ are 
functions of the optical constants of the surface, the 
wavelength of the light used, the angle of incidence, 
the optical constants of the ambient medium, and for 
film-covered surfaces, the thicknesses and optical 

25 constants of the films. 

Thus, in order to be able to compute the 
information about a sample's properties which cause a 
polarization state change in the reflected light, it is 
necessary to convert the polarization state change 

30 together with the angle of incidence and wavelength 
into physical properties of the sample according to 
some mathematical model. Properties 6uch as refractive 
index, thickness, and absorption index of films on a 
surface or the optical constants of bare surfaces can 

35 be computed, for example. Similarly, in the case of 
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transmitted light, properties such as the birefringence 
of the bulk material can be computed. Each 
ellipsometric measurement of polarization state change 
yields one value for a and one value for ^. Thus, at 
5 best, two of the properties of the surface (whether or 

not f ilm covered) or two properties of the bulk (in the 

case of transmitted light) can be computed if values 
for the remaining properties are known from other 
sources ♦ 

10 Frequently, in the art, one can compute more of 

these properties, of film covered surfaces, for 
example, if one has values for A and values for i>, at 
more than one angle of incidence; preferably, at many 
angles of incidence. Theoretically, one property can 

15 be computed for each independent A and one property can 
be computed for each Independent i> measured but it is 
better to overdetermine the unknowns with extra values 
of A and Accordingly, it is advantageous to measure 
as many angles of incidence on a particular sample as 

20 possible. However, this has not been done frequently 

in the past because it is so cumbersome to get the data 
by making separate successive measurements at each 
angle through the use of a scanning technique. 

It has also been proposed to provide ellipsometers 

25 with a plurality of duplicate setups with multiple 
beams all of different, discrete angles in order to 
simultaneously obtain information for light at 
different angles of incidence. These ellipsometers 
essentially combine several ellipsometers of the known 

30 type and use them simultaneously. This technique is 
limited in the number of angles that can be 
simultaneously measured because of the need for a 
plurality of ellipsometers, which can add considerably 
to the initial cost and maintenance of such a system* 

35 The following U.S. patents are cit d of interest 
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30 



for their disclosures relating to ellipsometry and 

el lipsometers . 

4,030,836 4,077,720 

4,052,666 4,434,025 

4,053,232 4,472,633 

4,516,855 4,725,145 

4,585,348 4,834,539 

4,647,207 4,837,603 

4,GS3, 9 2 4 4,050,711 



4,655,595 4,866,264 



E nclosure of invention 

There is a need in the art for an improved 
ellipsometry method and ellipsometer for measuring a 
large plurality of angles of incidence at one time, 
15 quickly and without complicated operator intervention 
or scanning and wherein only one ellipsometer and a 
single beam are required. The aim of the present 
invention is to provide such an improved ellipsometry 
method and ellipsometer and to thereby overcome the 
20 aforementioned disadvantages of the conventional 
methods and ellipsometers. 

More particularly, an object of the invention is 
to provide an improved ellipsometry method and 
ellipsometer which permit the simultaneous illumination 
25 of a sample at a whole range of angles of incidence 

from a single beam of light and which permit the rapid, 
easy collection of a large multiplicity of data for 
different angles or ranges of angles within the whole 
range of angles. 

A further object of the invention is to provide an 
improved ellipsometry method and ellipsometer as 
described in the previous paragraph which permits easy 
collection of a large multiplicity of data at different 
light wavelengths as well as angles. 
35 An~ additional object of the invention is to 

provide an improved ellipsometry method and 
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ellipsometer having the aforementioned advantages 
wherein the actual illuminated spot on the sample area 
can be extremely small so that all the rays with 
different angles of incidence measure essentially the 
5 same region of the sample. 

These and other objects of the invention are 
attained by the ellipsometry metnod of the invention 
which comprises directing polarized light onto an 
optical system under study, such as a surface, and 

10 analyzing the polarization state of light interacted 

with the surface, namely analyzing light reflected from 
the surface and/ or light transmitted through the 
surface and bulk material, for example, wherein 
polarized light from a single beam of light is 

15 simultaneously directed onto the optical system under 
study at different angles of incidence. Conventional 
ellipsometers are built to illuminate a sample with a 
beam of light that is as parallel as possible within 
the design constraints of the ellipsometer, e.g. with 

20 all rays striking the sample at nearly the same angle. 
However, applicants have found that by delivering 
polarized light to the sample at a multiplicity of 
angles from a single beam of light and through the use 
of a plurality of light detector means for detecting 

25 the light reflected from the surface (or transmitted 
through the surface and bulk material) for each of a 
plurality of different angles of incidence, data can be 
rapidly generated in terms of A and ^ for each of the 
plurality of different angles of incidence for which 

30 reflected or transmitted light is separately detected 
by respective ones of a plurality of light detector 
means. 

In the disclosed embodiment the light at different 
angles of incidence is provided by directing parallel 
35 light through on r mor lenses for f cusing the light 
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on the surface. The lens has an effective aperture to 
focal length ratio for focusing the light on the 
surface at angles of incidence which vary over a range . 
Although a range of angles of as low as 1 to 2 degrees 
nay be useful for some samples, a range of angles of 
incidence of from 2° to more than 30° is preferred. 



The larger the range o f angles of incidence th e b etter- 
the utility and versatility of the equipment. The 
light directed onto the surface at different angles of 
incidence is most generally elliptically polarized 
light. In one form of the invention the light is 
monochromatic light but according to another form of 
the invention the polarized light could be 
polychromatic ligh t provided a wavelength isolation 
means, such as a fil ter, monochromator or spectrometer 
is present to assure that_ J Jie de t ectors s ee only ^a 



10 



15 



\ 



fP" 




guasimonocnromatic portion ther eof du r ing one 
measurement of A, and ^, In yet another form of the 
"invention, the polarized light can be derived from two 
or more light sources (that may be monochromatic or 
polychromatic) arranged to direct the light along a 
common optical axis, wherein light from any single one 
of the sources can be selected by only energizing the 
correct source, or selected with a movable mirror, or 
selected by blocking the remainder with shutters, 
filters, monochromators, or selected by a combination 
of them. The polarized light is s imultaneous ly 
directed at^ Qlfffemm : angles ot incidence on to the same 
spot on the surfac e of the sample. In the illustrated 
embodiment, the spot has a diameter of 10 microns. 



35 



The step of detecting the light reflected from the 
surface or transmitted through the sample for each of a 
plurality of different angles of incidence according to 
the ellipsometry method of the invention involves the 
use of an array of light detector means which are 
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placed to Intercept and detect the light reflected at a 
plurality of angles or transmitted along a plurality of 
angles* The array is a linear array in one form of the 
invention. Bach of the plurality of different angles 
5 of incident light is separately detected simultaneously 
by respective ones of the plurality of light detector 

means, in one embodiment, the detected light is 

ref ocused by passing it through one or more lenses and 
the polarization state analyzer before it is detected. 

10 In other embodiments the lenses are not necessary. 

The method of the invention can also further 
include the step of dispersing l ight (as a fu n ction o f 
wavelength) reflected from the surface (or transmitted 
through the material) and detecting wavelength 

15 variation of the re flected (tran smitted) dispersed 

light as, for ex ample, through the use of an additional 
array of light detector means extending transverse to 
the plan e of incidence of the central ray of the 
polarized light. This method permits simultaneous 

20 detection of both wavelength varia tion and angle o f 
incide nce variation. 

The ellipsometer according to the invention 
comprises means for directing polarized light so that 
it interacts with an optical system under study, means 

25 for analyzing the polarization state of the light 

interacted with the optical system under study as by 
reflection from and/or transmission through the optical 
system, and wherein the means for directing polarized 
light includes means for simultaneously directing 

30 polarized light from a single beam of light onto the 
optical system under study at different angles of 
incidence. The disclosed forms of the inventio n 
involve directing polarized light o nto the optical 
system on a single spot with a co ne of polarized light 

35 which is derived fr m passing a single beam through a 
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lens or lenses for focu sing the light on the optical 
system. The lens has an effective aperture to focal 
length ratio for focusing the light on the surface with 
angles of incidence which vary over a range of at least 
5 one or two degrees. Preferably, the range of angles of 
incidence is equal to or greater than 30 degrees as 

n o ted ab o ve. — — 

The linear array of detectors of the ellipsometer, 
which are located in the plane of incidence of the 

10 central ray of the polarized light for detecting 

reflected or transmitted light, are preferably solid 
state photosensitive detectors which are integrated on 
a semiconductor chip. Particularly, the photosensitive 
detectors are photodiodes which each function as a 

15 separate detector for detecting a narrow range of 
angles of incidence of the rays illuminating the 
sample. Alternatively completely separate detectors or 
photomultipliers could be used and/ or scanning 
techniques could be employed during detection. 

20 These and other objects, features and advantages 

of the present invention will become more apparent from 
the following description when taken in connection with 
the accompanying which show, for purposes of 
illustration only, several embodiments in accordance 

25 with the present invention. 

Brief Description Of Drawings 

Figure 1 is em operational diagram of a general 
ellipsometer or arrangement wherein L, P, S, A, and D 
represent a light source, controlled polarizer, optical 
30 system under measurement, variable polarization 
analyzer, and photodetector, respectively. 

Figure 2A is a schematic diagram illustrating a 
known reflection ellipsometry arrangement wherein the 
incoming collimated polarized light is reflected at an 
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angle equal to its angle of Incidence. 

Figure 2B is a schematic diagram of a conventional 
nulling or photometric ellipsometer which measures 
changes in the state of polarized light reflected at a 
5 single angle incidence from the surfaces of samples 

resting on a sample mount. 

Figure 3A is a schematic illustration of an 
ellipsometer according to a first embodiment of the 
invention. 

10 Figure 3B is similar to 3A but illustrates the use 

of more than one light source. 

Figure 4A is a simplified diagram of the 
ellipsometer of Figure 3A illustrating a lens system 
for focusing, a lens system for ref ocusing reflected 
15 light and a linear detector array for detecting the 
reflected light from the surface for each of a 
plurality of different angles of incidence. 

Figure 4B is the simplified ellipsometer of 
Figure 4 A but arranged to detect light transmitted 
20 through the sample at each of a plurality of angles. 

Figure 5 is a schematic illustration of a portion 
of an ellipsometer according to a second embodiment of 
the invention wherein a wavelength dispersing element 
is provided along with an area array of detectors for 
25 detecting angle of incidence variation at a plurality 
of wavelengths. 

Figure 6 is a schematic illustration of an 
ellipsometer of the type shown in Figures 3A and 4A 
where a portion of the incoming rays to the sample are 
30 blocked within a certain, known area to darken a 

portion of the detector array for properly aligning the 
sample in preparation for performing the ellipsometry 
method of the invention. 

Figure 7A is a graph of measured values of psi as 
35 a function of angle of incidence obtained from a sample 
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using an ellipsometer according t the invention. 

Figure 7B is a graph of measured values of delta 
as a function of angle of incidence obtained from a 
sample vising an ellipsometer according to the 
5 invention. 



Begt Mofle Fw cairyanq put The inventio n 

The ellipsometer 1 of the invention as shown in 
Figure 3A comprises means for directing polarized light 
onto the surface 2 and means for analyzing the 
10 polarization state of the light reflected from the 
surface • The means for directing includes a light 
source, beam shaping optics with an optional optical 
narrow band filter, a polarizer, a compensator and a 
variable aperture as in the conventional ellipsometer 
15 of Figure 2B. in addition, the means for directing 
further includes means for simultaneously directing 
polarized light from a single beam of light from the 
light source onto the surface 2 at different angles of 
incidence. This means for simultaneously directing the 
20 light at different angles of incidence onto the 

surface 2 comprises a focusing lens system 7. The lens 
system 7 has an effective aperture to focal length 
ratio for focusing the light on the surface 2 with 
angles of incidence which vary over a range of angles 
25 of at least one or two degrees. More particularly, in 
the illustrated preferred embodiment the range of 
angles of incidence a is 30 degrees. Larger angles 
could be employed for directing rays at the sample 2. 
The focusing lens system 7 focuses th e polarized 
^ 30 light which may be from a He-Ne laser for example, dow n 
to a single small s pot or point on the surface 2. The 
\\ ^schematic illustration of Figure 4 A depicts several 



J O 




rays A, B, C and D having widely varying angles of 
incidence which are focused on a single, small spot on 
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the surface 2. Thus, the light directed on the small 
spot on surface 2 contains rays at many angles of 
incidence above and below the angle of incidence of the 
central ray through the focusing lens. Each one of the 
5 incoming rays is reflected at an angle equal to its 

angle of incidence with the polarization state of each 
of the rays being altered by that reflection, see rays 
A', B', C and D' in Figure 4A. A detector array 6 is 
employed to detect a plurality of rays reflected from 

10 the surface 2 individually over different, narrow 

ranges of angles of incidence to simply and quickly 
obtain data at a plurality of angles of incidence. The 
means for analyzing includes the detector array as veil 
as the analyzer and other elements as shown in 

15 Figure 3A and in some embodiments additional lenses 
represented by lens 8 in the reflected light. 

As shown in Figures 3A and 4A the diameter d of 
the lenses 7 and 8 corresponds to their effective 
diameter. In the illustrated embodiment the lenses 7 

20 and 8 each have a diameter d of 18mm and a focal length 

1 of 34mm. Other effective lens diameters and focal 
lengths could be employed so long as a range of angles 
of incidence, preferably at least 30°, is provided. 

The lens diameter and focal length are chosen with a ^ 
25 view toward maximizing the number of angles of 

incidence of the light beams which strike the surface 

2 • Figure 4B is similar to Figure 4A but shows an 
arrangement where light is transmitted through the 
sample rather than reflected from a surface of the 

30 sample. 

The ref ocusing lens or lenses 8 directs the 
reflected (transmitted) light toward the detector 
array 6. However, a ref ocusing lens need not be 
employed as the reflected (transmitted) light could be 

35 made to directly impinge upon an array of d tectors. 
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It is important that the lenses 7 a nd 8 do not 
themselves alter the polari zation state of the light . 

The detector array 6 is a linear, multiple element 
detector wherein each of the detector elements 9 can 
5 detect a narrow range of angles of incidence of the 
rays that illuminate the sample. In the disclosed 
embodime nt the ctc ic i y 6 is a s o lid - s t a t e ph o t o sensi t iv e— 
detector array wherein the separate detector elements 9 
are all integrated on one circuit chip. Particularly, 

10 the detector elements comprise a linear array of 

photodiodes. While integrated on a single circuit 
chip, the individual photodiodes can function as 
separate detectors. The linear array of the disclosed 
embodiment comprises 128 detector elements arranged in 

15 a row to provide data for 128 different angles of 

incidence where the full array is illuminated by the 
reflected (transmitted) light. The number of 
individual detector elements 9 could be more or less 
than that in the disclosed embodiment and the detector 

20 elements need not be integrated on a single chip but 
could be discrete detectors. By using a plurality of 
detector elements, it is possible to simultaneously 
detect the light reflected from the surface (or 
transmitted through the sample) for each of a plurality 

25 of different angles of incidence. It is also possible 
with the invention to employ a smaller number of 
detector elements which could be sequentially moved to 
mechanically scan the reflected (transmitted) rays for 
detection but this technique would require more time 

30 and could be less accurate, depending upon positioning 
accuracy. 

The physical size of each of the detector elements 
is less than the expanse of the reflected rays so that 
each element detects only a certain narrow range of 
35 angles of incidence on the illuminating side. The 
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output of each of the detectors is used in a 
conventional manner as with real time computer 
techniques to generate data in terms of a and 1> for 
each of those narrow ranges of angles of incidence. 
5 The data is then interpreted in a conventional manner. 

It matt ers in general which direction the linear array 

runs; the linear array preferably runs in the plane ~of~~ 
the optical system. In the disclosed embodiment, the 
long axis of the linear detector array 6 lies in the 

10 plane of incidence of the central ray and perpendicular 
to the central ray for detecting the maximum number of 
incidence angles. 

The embodiment of the invention shown in Figure 5 
of the drawings is similar to that illustrated in 

15 Figures 3A and 4A except t hat polychromatic light is 
directed toward the sample rather them monochromatic 
lXght. In addition, a dispersing element 10 is " 
^provided in the reflected (or transmitted) beam for 
dispersing the reflected (transmitted) light from every 

20 angle of incidence. The detector area array 11 

comprises columns of detector elements 12 arranged in 
linear arrays that are parallel to the plane of 
incidence of the central ray for detecting variations 
of angle of incidence. Each column of detector 

25 elements 12 sees only a quasimonochromatlc portion of 
the polychromatic light for detecting rays reflected 
(transmitted) from a plurality of angles of incidence. 
Additionally, rows of detector elements 13 extend 
transverse to the plane of incidence of the central 

30 ray. Each row of detector elements 13 detect the 
wavelength variation of the dispersed, reflected 
(transmitted) beam from one of the plurality of angle6 
of incidence. A minimum of one row and one column of 
detectors are required to detect both angle of 

35 incidence and wavelength variation. Additional rows 
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and columns of detectors can provide additional useful 
information. The ellipsometer of Figure 5 is 
advantageous in that it enables simultaneous detection 
of the beam as a function of angle of incidence and 
wavelength without scanning either. 

From the description of the ellipsometer of the 
- invention, it ic app aren t that t hn MUp B omo try m et h o d 



of the invention comprises directing polarized light 
onto a sample surface and analyzing the polarization 
state of the light reflected from the surface (or 
transmitted through the sample) , wherein polarized 
light from a single beam of light is simultaneously 
directed onto the sample at different angles of 
incidence. In the disclosed forms of the invention, 
the light is direc ted onto the sample surface at a 
single~spo t with ^ coneo f polarized light derived"? rom 
the s ingle heanT^The angles of incidence preferably 
^ary~over a range equal to or greater than 30 degrees 
but some embodiments may provide as little as 2° of 
range or a range which is between 2- and 30 •. Data is 
gathered for a plurality of different angles of 
incidence within the range of angles of incidence by 
detecting the light reflected from the surface (or 
transmitted through the sample) for each of a plurality 
25 of different angles of incidence. 

Ellipsometry, in general, requires an awareness of 
the angles of incidence of the light striking the 
sample. Truly, sample alignment, both in tilt and 
height is important, and alignment telescope 
microscopes are often provided to aid in sample 
alignment. With the ellipsometer of the invention, 
the detector array can be used to not only 
simultaneously measure the multiple angles of incidence 
of the single beam, but can also be used to initially 
35 detect whether or not the reflecting surface 2 is in 
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the correct plane relative to the instrument. This is 
accomplished by eliminating rays within a certain area 
of the sample of the incoming beam and determining 
which detector element or elements are dark or not 
illuminated as a result. Based upon this 
determination, the operator can change the sample plane 



as by raising the height of tne sample mount 5, for 
example, until the correct pixel (or pixels) is dark. 
As shown in Figure 6, a blocking element 14 

10 obstructs the light from the focusing lens 7 in a 

certain known area thereby creating a darkened area 15 
over a portion of the detector array 6. If the 
appropriate detector elements are not dark, the 
operator can correct this by raising or lowering the 

15 sample mount so that the sample is in the correct plane 
or elevation. Prom the above, it can be seen that the 
ellipsometer and ellipsometry method of the invention 
permit the simultaneous illumination of a sample at a 
whole range of angles of incidence from a single beam 

20 of light and collection of a large multiplicity of data 
for different angles of incidence rapidly and easily 
and with accuracy. The relative angle certainties are 
more accurate than with conventional mechanical 
scanning since the relative positions of the detector 

25 elements of the detector array are accurately fixed 

with respect to one another and the ellipsometer dx^pipg 
generation of all data. Furt her, advantageously J 3»» 
actual illuminated spot on the sample area can be 
"-e gEfemely small so taat all the rays are rea 

30 meas uring nearly the same r egion of the samp le 

Therefore, the sample properties can be quickly and 
accurately computed. 

Figures 7A and 7B show actual ellipsometric dati^ 
obtained at a plurality of angles of incidence of air 

35 instrument designed and constructed according to thej 
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preferred embodiment with a range of angles of 10 
degrees. These measurements were made on a 1138 
Angstrom film of silicon dioxide on a silicon 
substrate. The solid lines are the measured delta and 
5 psi values while the dashed lines represent the 

theoretical delta and psi computed for this sample. 

The ellipsometer of r i g ure 3B is l ike that of 

Figure 3A except that it has more than one light 
source , namely an additional , monochromat ic light 

10 source and al so a polychromatic light source as shown a 

in Figure 3B. The several light sources are arranged , 
to direct light along a common optical axis of the \ "7 

ellipsometer by way of one or more of mirrors, beam 
combiners and shutters as depicted in the drawing. 

15 Alternatively, the light sources could be selectively 
energized for providing the light from only one of the 
sources without need for shutters. 

While we have shown and described only several 
embodiments in accordance with the present invention, 

20 it is understood that the same is not limited thereto, 
but is susceptible to numerous changes and 
modifications as known to those skilled in the curt. 
Therefore, we do not wish to be limited to the details 
shown and described herein, but intend to cover all 

25 such changes and modifications as are encompassed by 
the scope of the appended claims. 
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1. An ellipsometry method comprising directing 
polarized light so that it interacts with an optical 
system under study and measuring the change in 
polarization state of the light interacted with the 

5 optical system, wherein polarized lignt from a single 
beam of light is simultaneously directed to interact 
with the optical system at different angles of 
incidence and wherein the change in polarization state 
is measured for each of a plurality of said different 
10 angles of incidence* 

2. An ellipsometry method according to claim 1, 
wherein the light is interacted with the optical system 
under study by transmitting it through a material of 
the optical system. 




3. An ellipsometry method according to claim 1, 
wherein the light is interacted with the optical system 
under study by reflecting it from a surface of the 
optical system. 

4. An ellipsometry method according to claim 1, 
wherein the light is directed onto a surface of the 
optical system under study at a single spot with a cone 
of polarized light derived from a single beam. 




5* An ellipsometry method according to claim 1, 
wherein the angles of incidence vary over a range of 
angles of at least 1-2 degrees. 

6. An ellipsometry method according to claim 1, 
wherein the range of angles of incidence is from two 
degrees to more than thirty degrees. 
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7. An ellipsometry method according to claim l, 
wherein the light at different angles of incidence is 
provided by directing parallel light through at least 
one lens for focusing the light on the optical system 
under study, the lens having an effective aperture to 

focal length ratio for focusing the light on the 

optical aystem undei B L udy wim angl«B o f inwld^a 
which vary over a range of at least 1-2 degrees. 

8. An ellipsometry method according to claim 1, 
wherein the light directed for interaction with the 
optical system under study at different angles of 
incidence is, in general, elliptically polarized light. 

9. An ellipsometry method according to claim 1, 
wherein the polarized light is simultaneously directed 
at different angles of incidence onto the same spot on 
a surface of the optical system under study for 
reflection from the surface. 



10. An ellipsometry method according to claim 9 



» / n 



wherein said spot has a diameter of less than or equal ) Cj, 



to ten microns. 



11. An ellipsometry method according to claim 1, ^ 
wherein the polarized light is jno nochromatic light . L*£ ^ R ^ 

^ '-I i JP 

12. An ellipsometry method according to claim 1, I y /) 
wherein the polarized light comprises two or more - 
miasimonochFomatic wavelength r egio ns and all but one jf- J M / 
-pTthTwIvelength regions is excluded at a given time. ^ 



13. An ellipsometry method according to claim 1, 
wherein said step of measuring includes detecting the 
light interacted with the optical system under study 
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for each of a plurality of different angles of 
5 incidence. 

14. An ellipsometry method according to claim 13, 
wherein the interacted light is refocused by passing it 
through at least one lens before the light is detected. 



15. An ellipsometry method according to claim 13, 
wherein the interacted light for each of a plurality of 
different angles of incident light is separately 
detected simultaneously. 

16. An ellipsometry method according to claim 13, 
wherein a plurality of light detector means are 
provided in an array located in the plane of incidence 
of said polarized light for detecting the interacted 

5 light. 

17. An ellipsometry method according to claim 13, 
further comprisi ng restricting the wavelength regions 
of the detected light to a guasimonochromatic portion. 



18. An ellipsometry method according to claim 13, 
further comprising the steps of dispersing the light 
interacted with the optical system under study and 
detecting wavelength variation and angle of incidence 
5 variation of the dispersed light. 



19 • An e llipsometry method according to claim 1 8 
wherein the polarized light is polychromatic light. 



20. An ellipsometer comprising means for 
directing polarized light so that it interacts with an 
optical system under study, and means for measuring the 
change in polarization state of said light interacted 
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with the optical system under study, wherein said means 
for directing polarized light includes means for 
simultaneously directing polarized light from a single 
beam of light onto the optical system under study at 
different angles of incidence, and wherein said means 
f or measuring measures the change in polarization state 
of light interacted with the optical system under study 
for each of a plurality of said different angles of 
incidence. 

21. An ellipsometer according to claim 20, 
wherein said different angles of incidence vary over a 
range of at least 1-2 degrees, 

22. An ellipsometer according to claim 20, 
wherein the range of angles of incidence is from two 
degrees to more than thirty degrees. 

23. An ellipsometer according to claim 20, 
wherein said means for simultaneously directing 
includes at least one lens for focusing the light on 
the optical system under study, the at least one lens 
having an effective aperture to focal length ratio for 
focusing the light on the optical system under study 
with angles of incidence which vary over a range of at 
least 1-2 degrees. 

24. An ellipsometer according to claim 20, 
wherein said means for directing polarized light 
directs elliptically polarized light onto the optical 
system under study. 

25. An ellipsometer according to claim 20, 
wherein said means for simultaneously directing 
polarized light onto the optical system under study at 
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different angles of incidence directs the light at 
5 different angles of incidence onto the same spot on 
optical system under study. 

26. An ellipsometer according to claim 20, 
w herein s aid polarized light i s m o n o chromat ic l i ght . 

27. An ellipsometer according to claim 20 , 
wherein said means for directing directs polarized 
light comprising two or more quasimonochromatic 
wavelength regions, and further comprising means fo r 

5 selectivel y excluding all but one of the wavelength 
regions at a time. 

28. An ellipsometer according to claim 20, 
wherein said means for analyzing includes a plurality 
of detectors for detecting the light interacted with 
the optical system under study at each of a plurality 

5 of different angles of incidence. 

29. An ellipsometer according to claim 28, 
further comprising a lens or lenses for ref ocusing the 
interacted light before it is detected by said means 
for detecting. 

30. An ellipsometer according to claim 28, 
wherein said plurality of detectors is in the form of 
an array of light detectors located in the plane of 
incidence of the polarized light for detecting the 

5 interacted light. 

31. An ellipsometer according to claim 30, 
wherein said array is a linear array of light detectors 
whose axis extends in the plane of incidence. 
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32. An ellips meter according to claim 30, 
wherein said detectors are solid-state photosensitive 
detectors which are integrated on a semiconductor chip. 

33, An ellipsometer according to claim 20, 
further comprising means for dispersing the interacted 

light and means for detecting vavalength variation 

together with angle of incidence variation of the 
5 dispersed light. 



34. An ellipsometer according to claim 33, 
wherein the polarized light is polychromatic light. 




35. An ellipsometer according to claim 20 wherein 
the means for directing polarized light comprises a 
plurality of light sources each arranged to provide 
light which travels along a common optical axis. 

36. An ellipsometer according to claim 35, 
further comprising means for preventing the polarized 
light from one or more of the plurality of sources from 
reaching the optical system under study. 

37. An ellipsometer according to claim 36, 
wherein said means for preventing is one of the group 
consisting of a shutter, a means for de-energizing said 
one or more light sources and a blocking filter. 

38. A method of aligning a sample for 
ellipsometry comprising directing polarized light onto 
a surface of the sample at different angles of 
incidence from a single beam of light so that said 

5 light is reflected onto a detector array for detecting 
the light reflected from the surface for each of a 
plurality of different angles of incidence, and 
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including the steps of eliminating light rays vithin a 
certain area of the light: beam directed onto the sample 
10 surface, determining which area of the detector array 
is not: illuminated by reflected light as a result of 
said eliminating, and making any necessary adjustments 
in the position of the sample so that a correct area of 
the detector is not illuminated by reflected light. 

39* An ellipsometry method according to claim 1, 
including determining a change in amplitude ratio tan ¥ 
and a change in phase difference A for light interacted 
with the optical system under study for each of said 
plurality of different angles of incidence. 

40. An ellipsometry method according to claim 1, 
wherein each of said plurality of different angles of 
incidence is a narrow range of angles of incidence of 
the interacted light* 

41. An ellipsometer according to claim 20," 
wherein said means for measuring enables determination 
of a change in amplitude ratio tan and a change in 
phase difference a for light interacted with the 
optical system under study for each of said plurality 
different angles of incidence. 

42. An ellipsometer according to claim 20, 
wherein each of said plurality of different angles of 
incidence is a narrow range of angles of incidence of 
the interacted light. 
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[received by the International Bureau on 23 June 1992 (23.06.92); 
original claims 16,28,30,31,36 and 41 amended; 
other claims unchanged (6 pages)] 

for each of a plurality of different angles of 
incidence. 

14. An ellipsometry method according to claim 13, 
wherein the interacted light is refocused by passing it 
through at least one lens before the light is detected. 

5 15. An ellipsometry method according to claim 13, 

wherein the interacted light for each of a plurality of 
different angles of incident light is separately detected 
simultaneously . 

16. An ellipsometry method according to claim 13, 
10 wherein a plurality of light detector means are provided 

in an array located so that respective light detector 
means intercept and detect interacted light from 
different angles of incident light. 

17. An ellipsometry method according to claim 13, 
15 further comprising restricting the wavelength regions of 

the detected light to a guasimonochromatic portion. 

18. An ellipsometry method according to claim 13, 
further comprising the steps of dispersing the light 
interacted with the optical system under study and 

20 detecting wavelength variation and angle of incidence 
variation of the dispersed light. 



19. An ellipsometry method according to claim 18, 
wherein the polarized light is polychromatic light. 




20. An ellipsometer comprising means for directing 
25 polarized light so that it interacts with an optical 
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system under study, and means for measuring the change in 
polarization state of said light interacted 
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different angles of incidence onto the sane sp 



optical system under study. 




26. An ellipsometer according to claim 20, wherein 
said polarized light is monochromatic light. 




10 



15 



27. An ellipsometer according to claim 20, wherein \*> 

said means for directing directs polarized light ^ 
comprising two or more quasimonochromatic wavelength 
regions, and further comprising means for selectively 
excluding all but one of the wavelength regions at a 
time. 

28. An ellipsometer according to claim 20, wherein 
said means for analyzing includes a plurality of 
detectors for detecting the light interacted with the 
optical system under study at each of a plurality of said 
different angles of incidence. 

29. An ellipsometer according to claim 28, further 
comprising a lens or lenses for refocusing the interacted 
light before it is detected by said means for detecting. 

30. An ellipsometer according to claim 28 , wherein 
said plurality of detectors is in the form of an array of 
light detectors located so that respective light 
detectors intercept and detect interacted light from 
different angles of incident light. 



25 



31. An ellipsometer according to claim 30, wherein 
said array is a linear array of light detectors. 
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32. An ellipsometer according to claim 30, wherein 
said detectors are solid-state photosensitive detectors 
which are integrated on a semiconductor chip. 

33. An ellipsometer according to claim 20, further 
comprising means for dispersing the Intera c ted light and 
means for detecting wavelength variation together with 
angle of incidence variation of the dispersed light. 

34. An ellipsometer according to claim 33, wherein 
the polarized light is polychromatic light. 



35. An ellipsometer according to claim 20 wherein 
the means for directing polarized light comprises a 
p lurality of light sourceseach arranged to provide light 
which travels along a common optical axis. 



36. An ellipsometer according to claim 35, further 
comprising means for preventing the polarized light from 
one or more of the plurality of sources from reaching the 
means for measuring. 

37. An ellipsometer according to claim 36, wherein 
said means for preventing is one of the group consisting 
of a shutter, a means for de -energiz ing said one or more 
light sources and a blocking filter. 

38. A method of aligning a sample for ellipsometry 
comprising directing polarized light onto a surface of 
the sample at different angles of incidence from a single 
beam of light so that said light is reflected onto a 
detector array for detecting the light reflected from the 
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surface for each of a plurality of different angles of 
incidence, and 
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including the steps of eliminating light rays within a 
certain area of the light beam directed onto the sample 
surface, determining which area of the detector array is 
not illuminated by reflected light as a result of said 
eliminating, and making any necessary adjustments in the 
position of the sample so that a correct area o f the 
detector is not illuminated by reflected light. 

39. An ellipsometry method according to claim 1, 
including determining a change in amplitude ratio tan Y 
and a change in phase difference D for light interacted 
with the optical system under study for each of said 
plurality of different angles of incidence. 

40. An ellipsometry method according to claim 1, 
wherein each of said plurality of different angles of 
incidence is a narrow range of angles of incidence of the 
interacted light. 

41. An ellipsometer according to claim 20, wherein 
said means for measuring enables determination of a 
change in amplitude ratio tan \f/ and a change in phase 
difference A for light interacted with the optical system 
under study for each of said plurality of different 
angles of incidence. 

42. An ellipsometer according to claim 20, wherein 
each of said plurality of different angles of incidence 
is a narrow range of angles of incidence of the 
interacted light. 
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